We overview a digital duplex scheme called Zipper, intended for DMT-based VDSL systems. The Zipper multicarrier duplex scheme represents a breakthrough toward digital implementation of frequency-division duplexing. A duplex scheme is a method to divide the capacity of a line between the upstream and downstream directions. Zipper divides the available bandwidth by assigning different subcarriers for the different directions. As a prerequisite, DMT symbols are extended with an additional cyclic suffix, and are shaped at both transmitter and receiver. Zipper is characterized by high flexibility and high spectral compatibility with programmable spectrum usage, robustness against frequency-selective impairments such as radio frequency interference and bridge taps, interoperability with ADSL, and high spectral efficiency since no guard bands are needed.
INTRODUCTION
The basic idea behind very high-rate digital subscriber line (VDSL) is to support both symmetric and asymmetric multimegabit-per-second capacities over the embedded twisted pair telephone network with a single modem [1] . Advanced techniques of duplexing, modulation, error correction coding, and filtering all contribute to maximizing system performance while maintaining spectral compatibility with other services like plain old telephone service (POTS), integrated services digital network (ISDN), or asymmetric DSL (ADSL) operating within the same cable binder. A maximum overall throughput of over 50 Mb/s shared symmetrically or asymmetrically between the downstream and upstream directions of transmission will offer the capability for a multitude of high-bandwidth multimedia services for both business and residential users.
However, high data rates are not accomplished without sacrifice. In short, the price paid for capacity is reduced reach. Hence, it is sometimes stated that VDSL is intended to be deployed only in combination with optical fiber in fiber to the cabinet (FTTCab) infrastructures, in which fibers are installed between the central office (CO) and a cabinet located close to the customers. The twisted wire pairs from the cabinet to the end users are then to be used by the VDSL modems, often simultaneously with analog telephony or ISDN. However, a deployment of a new FTTCab infrastructure both is timeconsuming and implies enormous investments. These considerations have turned the focus also toward CO-based VDSL (fiber to the exchange, FTTEx). In an FTTEx scenario spectral compatibility issues could prohibit the mix of CO-based VDSL with other existing DSL services within the same cable binder. Indeed, a significant problem VDSL confronts is crosstalk that couples signal power to and from adjacent lines.
Nevertheless, it is possible to overcome these difficulties and provide the capability of early VDSL deployment directly from the CO as well as through FTTCab. Discrete multitone (DMT) modulation and the Zipper duplexing technique [2, 3] , to which we turn our focus in this article, are especially well suited to handle both the FTTCab scenario and overcome the additional difficulties associated with CO-based VDSL.
The article is organized as follows. VDSL transmission is discussed in connection with duplexing. An introduction of the Zipper-VDSL concept with focus on duplex properties is contained herein. A case study of an application-specific integrated circuit (ASIC) implementation of Zipper-based VDSL systems is reported. Finally, concluding remarks are provided.
THE DUPLEX METHOD: CRUCIAL FOR VDSL
Given some usable frequency band, a telephone line can support a specific overall throughput. The duplex method determines how this overall throughput is shared between the two directions of transmission, downstream and upstream. The duplex method determines how the asymmetry ratio is achieved. The asymmetry ratio is the ratio between the upstream and downstream VERY HIGH-SPEED SUBSCRIBER LINE data rates. An important property of a duplex method is its ability to achieve a fair distribution of high data rates for all loops in a cable binder. If the same frequency bands are used simultaneously for both upstream and downstream transmissions in a cable binder, the available capacity will be severely affected by near-end crosstalk (NEXT) [1] stemming from other VDSL systems operating in neighboring pairs. There are two fundamental duplex principles to avoid NEXT. If upstream and downstream transmissions are partitioned in time, the entire frequency band can be used in both directions in separate time epochs. When all upstream/downstream transmissions within a cable binder are time-synchronized, NEXT is avoided. This particular duplex method is called time-division duplex (TDD). The asymmetry ratio is defined by the ratio of time used for upstream and downstream transmissions.
The other fundamental method is frequencydivision duplex (FDD). In FDD NEXT is avoided via a division of the available spectrum in distinct frequency bands where each band is used uniquely for either upstream or downstream transmission. This requires that all systems in the same binder use the same frequency plan (i.e., the same set of bands). The asymmetry ratio is determined by the width and location of the spectrum bands allocated for the up-and downstream directions, respectively. TDD will not be considered for standardization of VDSL for reasons related to the unbundling of the local loop [4] . With FDD as a basis, we proceed to detail the environment in which VDSL is to operate.
THE VDSL ENVIRONMENT
Fundamentally, the usable capacity of a particular telephone line is determined by the signal-tonoise ratio (SNR) at the receiver (i.e., the ratio between the signal power and noise power). The power of the received signal depends on the power spectral density (psd) of the transmitted signal and the attenuation introduced by the telephone line. The attenuation increases with both cable length and frequency. The noise can be very different from one line to another, and may come from several different sources: • Background noise: A general term for the aggregated noise that does not originate from network transmission systems (e.g., thermal noise). A convention in standardization committees is to model background noise as additive white Gaussian noise (AWGN) with a psd of -140 dBm/Hz. In reality, however, it is unlikely that the background noise psd is flat, the level often deviating significantly from the -140 dBm/Hz floor.
• Self-crosstalk. When several VDSL systems operate in the same cable binder, they interfere with each other through self-crosstalk. Even if the duplex method serves to ideally avoid self-NEXT, there is still far-end crosstalk (FEXT) added to the signal. The self-FEXT power is fortunately lower than the power of self-NEXT since the FEXT signal propagates in the same direction as the useful signal, and thus experiences the same amount of attenuation. FEXT is, however, often the dominating noise source for shorter lines. In the downstream direction, FEXT interference affects equally all the systems operating in the binder. In the upstream direction the problem of FEXT interference becomes more complex. Since the pairs in the binder have different lengths, the FEXT from a VDSL modem operating on a short line becomes much stronger than that from a modem far out transmitting with the same psd. Of course, the desired signal from the modem on the short line is also stronger, so the short-line modem pair does not suffer. However, this strong FEXT adds to signals from modems far away, which have already been attenuated by their long lines. Unless care is taken, very little capacity may remain for long lines, limiting reach and thus customer base. This near-far FEXT problem needs to be addressed by means of upstream transmit-power control via a power backoff method. A power backoff method reduces the power and possibly shapes the psd of a transmitted signal. Several strategies for power backoff have been presented [5] [6] [7] : • Alien crosstalk: It is also necessary to take into account other kinds of DSL systems operating in the same multipair cable. These systems add their own contributions of noise, called alien crosstalk noise. They operate primarily below 1.1 MHz but, because of nonideal low-pass transmit filtering, a significant amount of out-of-band power at higher frequencies is also present and contributes to the alien crosstalk. The alien crosstalk and background noise together are often modeled by so-called noise masks, which, due to topological reasons, are different at the network and customer premises ends. At the customer premises, the modems are usually physically well separated (being in different apartments, houses, etc.), while on the network end they may even be implemented on a single card. Consequently, the channel capacity becomes asymmetrical with, almost always, less capacity in the upstream than in the downstream direction. The way to combine the various kinds of noise (background noise, self-and alien crosstalk) into a single noise model has been the subject of lively discussion in the standards bodies. In a multipair cable, it has been shown that merely adding power would give overly pessimistic results in most cases. Recently a new method [8] 
SPECTRAL COMPATIBILITY
Coexistence with other systems deployed in the copper network is a very important issue for operators and regulators. In particular, spectral compatibility with existing systems becomes a necessity in the design of new systems. Spectrally compatible systems are those that can operate within the same cable binder without affecting each other's performance, for instance, by introducing NEXT. The Zipper concept, with its digi- tal duplexing, is particularly strong when it comes to spectral compatibility. Digital duplexing uses only digital means to separate the upstream and downstream bands. One major advantage is that virtually no guard bands are necessary; another is that the spectrum usage is programmable, which allows for a change of spectrum usage at any time through the operations and management (OAM) system. No staff need visit the access node, and the modem at the remote end can adopt new spectrum plans without any intervention by the user. (The expression digital duplexing is introduced as opposed to analog duplexing, which implies the use of analog filters.) The Zipper-VDSL concept also contains a number of other supporting technologies that have bearing on the spectral compatibility issue. These include using DMT modulation, a large number of subcarriers, and additional digital transmitter windowing, which all give high spectral containment of the signal. These techniques will be described in the following sections.
CAPACITY DIVISION VS. A DUPLEX SCHEME
Because the different loops in a binder are generally of different lengths, it may be difficult to deliver the desired asymmetry ratios to all users. Often one would like to deliver the same asymmetry ratio to all users in a binder. It is then desirable that a duplex method share the available capacity as accurately as possibly according to this desired asymmetry ratio for all pairs in the same binder. If this objective cannot be achieved, a deployment problem arises, and the intended services are limited by the most impaired transmission direction. Due to loop length and frequency-dependent attenuation, it is impossible to maintain the same asymmetry ratio for both short and long loops with a few-band FDD system. The reason is that the SNR for any two bands does not change equally as a function of length. Indeed, the desired asymmetry ratio can only be supported for one particular loop length.
A solution that deals with both asymmetric noise and the scaling of SNR is to use a large number of transmission bands. With a larger number of frequency bands, more degrees of freedom are introduced so that the capacity for upstream and downstream transmissions can be better balanced along the length of the binder. In addition, with more bands one can better take advantage of the asymmetric SNR and upstream power backoff.
Thus, a spectrum plan with a large number of bands delivers the most stable services over actual network topologies. Here digital duplexing between the different frequency bands offers an elegant and efficient solution. The efficiency and low cost of digital duplexing, together with the possibility to change the upstream/downstream band allocations by remote reprogramming of the modem, are essential motives to use Zipper.
THE ZIPPER CONCEPT
The Zipper duplexing technique represents a form of FDD whereby different frequency bands are solely allocated to either the downstream or upstream direction of transmission.
With conventional FDD, to ensure the suppression of disturbance by self-echoes and NEXT, analog filters usually separate the frequency bands. These filters are often costly, complex, and cut away valuable spectrum in the form of guard bands. In addition, analog filters cannot easily be changed once implemented. This may involve dispatching service personnel to the access node, which involves large OAM costs. The Zipper technique allows the bandwidth to be split dynamically between up-and downstream in almost any proportion without requiring a complex bank of tunable passband analog filters.
We will introduce Zipper by describing the concept as applied to traditional DMT [3] .
SELF-ECHOES AND ORTHOGONALITY
Assume a DMT transmitter, at location A in Fig.  1 , transmitting data on the entire set of carriers in one direction over a line. At the other end of the line, at location B, a DMT receiver demodulates the data from all carriers.
An alternative way to create the same transmit signal at A is to add the signals from two DMT transmitters, as depicted in Fig. 2 . This is possible if each transmitter uses different subcarriers from the available set of carriers. Furthermore, it is also necessary that the boundaries of each transmitted DMT symbol be aligned in time before summation (i.e., the transmit symbol-timing is the same). If symbol boundaries are not aligned, the orthogonality between subcarriers is lost in the demodulation process at Rx B. (It would no longer be possible to sample one DMT time slot without getting portions of other symbols.)
Now, let us assume we take one of the two DMT transmitters at A and move it to B. The receiver at location B will demodulate the signal from location A with data only modulated on a certain set of carriers. The transmitter at B (Tx B) will send DMT symbols to the receiver at A (Rx A) in the opposite direction on the complementary set of carriers to that used by Tx A. For an ideal channel, this way of dividing the spectrum in different subcarriers would be rather straightforward. In reality, however, a portion of the Tx B signal will leak or reflect and add to the signal received from Tx A (Fig. 3) . This is called a self-echo and occurs due to impedance changes on the line (e.g., gauge transitions or bridged taps) and leakage through nonideal line hybrids. The hybrid is denoted H in Fig. 3 . A consequence is then that Rx B will demodulate a signal that is the sum of both the received Tx A signal and the leakage from the Tx B signal.
If we simplify the discussion assuming that there is only one reflection point, there will be only one copy of the Tx B signal that adds to the Tx A signal. The worst case is when there is no delay of the signal from Tx B. This is often also the strongest leakage in practice: the hybrid leakage. Would it then be possible to align the desired signal from Tx A and the leakage so that Rx B experiences them as originating from the same DMT transmitter (i.e., that all subcarriers in the received signal are orthogonal)? The answer is yes, provided the propagation delay is taken into account. If the transmitters at both ends are synchronized and start their transmission of every DMT symbol at the same time, the signals will arrive at different times at Rx B due to the different propagation delays. Two things could be done to preserve orthogonality. Either Tx B could wait and transmit a little bit later, or the cyclic extension of the DMT symbol can be extended to also cover the propagation delay of the channel. (Usually the cyclic prefix in DMT is dimensioned only to cover the time dispersion of the channel.) If one would adjust the transmit timing of Tx B or Tx A, the same problem would arise at the other end when extending this to duplex transmission (Fig. 3) . Instead of changing the timing, an additional extension called a cyclic suffix (CS) is used in Zipper. Now, with simultaneous transmission and a sufficiently large cyclic suffix, the received signal and echo signal will line up and add, so for each block of data processed by the fast Fourier transform (FFT) of Rx B, orthogonality is preserved [3] .
CYCLIC SUFFIX AND SYMBOL TIMING SOLVE THE ECHO PROBLEM
The Zipper duplex scheme solves the self-echo problem via the use of a CS, together with synchronized symbol timing at both transmitters. The cyclic suffix is a second guard time added at the end of the DMT symbol and filled with a number of samples from the beginning of the symbol. The time span of the cyclic suffix needs to be at least as long as the one-way propagation delay of the cable. When this condition is fulfilled the received signal is guaranteed to be s orthogonal to all echoes that have a delay no longer than the one-way propagation delay. In the Zipper-VDSL standards proposal, the combined length of the cyclic prefix and CS covers both the propagation delay and impulse response of the channel by default. (However, if desired it can be changed through the OAM system.) Thus, no time domain equalizer is necessary.
To summarize, the Zipper duplexing scheme achieves orthogonality between the received signal and echo signals at both ends of the line via synchronized symbol timing at both transmitters and the use of an additional cyclic extension. The principle holds for any permutation in the binary set of carriers used for up-and downstream transmissions.
SELF-NEXT AND NETWORK SYNCHRONIZATION
Let's now turn our focus on self-crosstalk, and in particular on how Zipper handles the impact of self-NEXT. To extend the Zipper principle to include NEXT is fairly straightforward. The contribution from NEXT can be treated in the very same way as self-echoes if all systems within a cable binder are using the same set of carriers for up-and downstream directions. Since NEXT stems from transmitters at the same end of the cable as the receiver, it is possible to make the contribution from NEXT to the received signal orthogonal in the very same way as for self-echoes. However, this would require that all transmitters sharing the same cable binder be time synchronized. An additional constraint is that orthogonality can now only be maintained if all transmitters have the same symbol timing and symbol rate (i.e., all DMT symbols need to have CSs of the same length). It would then be reasonable to set this length according to the longest loop in the binder.
This approach is elegant in theory, but poses practical problems. Time synchronization is difficult in an unbundled network where many different operators are present. Therefore, we proceed with adapting Zipper and the self-echo suppression to a time-asynchronous scenario.
ASYNCHRONOUS NETWORKS: NONORTHOGONAL NEXT
We would like to maintain orthogonality of self-NEXT interferers without requiring binder-level synchronization. Or, rather, we would like to reduce the impact of the self-NEXT so that, from a practical viewpoint, orthogonality is essentially achieved. A way to ensure this is to perform pulse shaping at the transmitter and windowing at the receiver [9] . This scheme is referred to as asynchronous Zipper [9] . Simply viewed, pulse shaping at the transmitter eliminates discontinuities at the interferers' DMT symbol boundaries. These discontinuities are the sources of spectral leakage between subcarriers in the FFT operation of the receiver. At the borders of the FFT window in the receiver, the NEXTinduced interfering DMT symbols still provide discontinuities. This remaining interference can be reduced by windowing, which reduces the amplitude of the side lobes in the frequency domain. The pulse-shaping and windowing procedure is illustrated in Fig. 4 . Computer simulations show that system performance is close to that of synchronous Zipper [9] . Other advantages are reduced out-of-band power and radio frequency interference (RFI) ingress and egress reduction.
The drawback of introducing the extra samples for the pulse shaping and windowing is a loss of efficiency since the extra samples take up capacity. On short and medium loops, however, this is immediately gained back since the cyclic suffix now need not be dimensioned after the longest loop. Anyway, in the case of Zipper-VDSL with large FFT size, the loss is very small, on the order of a few percent. These extra samples are well spent, reducing the SNR loss at the band edges where upstream and downstream bands meet to a minimum.
INTEROPERABILITY WITH ADSL
The issue of interoperability between VDSL and ADSL has received a lot of attention at recent standardization meetings. Technically, a VDSL modem based on DMT and Zipper duplexing can be made interoperable with an ADSL modem through a software upgrade. Interoperability means that not only are the VDSL and ADSL modems spectrally compatible (in particular, they have the same subcarrier spacing), but also that the VDSL modem can emulate an ADSL modem. The advantages of interoperability are that an operator can use a single type of line card for both ADSL and VDSL. Also, it is easier if a customer wants to change service, or a new customer moves in asking for a different service. The customer, in turn, can more easily change service or operator without needing to buy a new modem. It furthermore facilitates seamless migration from an exchange-based installation to a cabinet deployment. A set of Zipper-VDSL line cards can be installed at the cabinet giving the same services as before to the customers. The customers would only note a short service interruption. Upgrading ADSL customers to VDSL can then be done through the OAM system.
ASIC IMPLEMENTATION
Digital duplexing in the frequency domain, digital FDD, is a new, challenging concept. One can ask if the hardware technology of today is advanced enough to support it. However, with the rapidly increasing computational capacity of digital processors, it is not a question of "if" but "when." The purpose of this section is to demonstrate that this is indeed practical today, answering "When?" with "Now!"
This section describes an ASIC implementation of a VDSL-Zipper modem designed and processed in 0.25 µm complementary metal oxide semiconductor (CMOS) technology using six metal layers. The chip, shown in Fig. 5 , has a total of 9.5 million transistors, with 300,000 logic gates, 500 kb single-port RAM, and 700 kb dual-port RAM, occupying a die area of 64 mm 2 . The power dissipation in the data path is 300 mW at 2.5 V and 25°C. Most of the memory is included for test purposes only, enabling a flexible software development environment. This extra memory, accounting for more than half the die size, will later be replaced with hard-wired logic gates.
The chip conforms with the DMT parameters presently suggested for the VDSL standard. Notably, the maximum number of subcarriers is 2048. The number of subcarriers that will actually be used on a given line is determined at runtime by measuring channel transfer function and noise levels. No time equalizer is implemented; as in the Zipper-VDSL standards proposal, the cyclic extension is dimensioned so that none is needed. The large number of subcarriers allows for a long cyclic extension without significant efficiency loss.
We describe the implementation in the form of the basic macroblock functions of the chip (Fig. 6 ). This ASIC integrates the complete digital front-end (DFE) processing required by Zipper-VDSL plus a bank of extra memories providing an open mode for software development and digital signal processor (DSP) algorithm optimization. Data coming from the analog front-end (AFE) at 36 Msamples/s on the receive path is decimated to 18 Msamples/s through a 103-tap half-band filter, of which only 26 coefficients are nonzero. On the transmit side (DFETx in Fig. 6 ), the same filtering is done to interpolate real data coming from the modulator at 18 Msamples/s to generate samples at 36 Msamples/s for the clip noise shaper [10] prior to digital-to-analog conversion.
Real-to-complex demodulation in the receive path (DFE-Rx in Fig. 6 ) is performed by a 2K FFT combined with post-processing. Conversely, complex-to-real modulation in the transmit path s Figure 5 . The Zipper-VDSL chip.
s Figure 6 . is performed by a preprocessor combined with a 2K inverse FFT (IFFT). The 2K (I)FFT engines are implemented with a pipeline architecture and a mixed-radix Cooley-Tukey algorithm. For power consumption optimization, the RAM bank at each stage of the mixed-radix architecture is split into four independent banks, which are alternatively set in standby mode when not used. Due to the structure of the mixed-radix algorithm, it is possible to decrease RAM activity by a factor of 2 compared to a single bank scheme. Cyclic prefix and suffix can be programmed through the microcontroller interface (Micro I/F in Fig. 6 ) in the range of 0-1024 real samples. Pulse shaping at transmission is performed in the pulse shaper block, which also reorders data at the IFFT output (bit-reversed order). The raised cosine coefficients used for pulse shaping are stored in synthesized ROM. Windowing in the receive path is performed similarly in the time domain prior to FFT demodulation. A digital automatic gain control (AGC) algorithm is also integrated within the ASIC.
A set of dual-port RAMs connected to the DSP interface allows real-time scanning of the data path as well as real-time updating of the frequency-domain filter coefficients for equalization and RFI cancellation. Power-mask scaling is also fully parameterized by setting coefficients in a dual-port RAM through the microcontroller interface. Finally, the ASIC implements full scan for logic and RAMs.
CONCLUDING REMARKS
The Zipper multicarrier duplex scheme represents a breakthrough toward digital implementation of FDD. It is implemented as a variant of the classical DMT line code by adding a cyclic suffix and shaping the DMT symbols at both transmitter and receiver.
Among the inherent advantages of Zipperbased FDD is its flexibility in upstream/downstream transmission band allocation. Moreover, DMT-based Zipper-VDSL provides a natural road for backward interoperability with existing DMT standard ADSL products. This feature could unite the ADSL and VDSL markets into one, and prove to be a catalyst for customer acceptance and commercial success. 
